The effect of Li 3 N additive on the Li-Mg-N-H system was examined with respect to the reversible dehydrogenation performance. Screening study with varying Li 3 N additions (5, 10, 20, and 30 mol%) demonstrates that all are effective for improving the hydrogen desorption capacity. Optimally, incorporation of 10 mol% Li 3 N improves the practical capacity from 3.9 wt% to approximately 4.7 wt% hydrogen at 200 C, which drives the dehydrogenation reaction toward completion. Moreover, the capacity enhancement persists well over 10 de-/rehydrogenation cycles. Systematic x-ray diffraction examinations indicate that Li 3 N additive transforms into LiNH 2 and LiH phases and remains during hydrogen cycling. Combined structure/property investigations suggest that the LiNH 2 "seeding" should be responsible for the capacity enhancement, which reduces the kinetic barrier associated with the nucleation of intermediate LiNH 2 . In addition, the concurrent incorporation of LiH is effective for mitigating the ammonia release.
I. INTRODUCTION
A major technical obstacle to the widespread use of hydrogen-powered vehicles is the lack of a safe and efficient system for onboard hydrogen storage. Hydrogen storage in solid hydrides is a promising option because it offers a volumetric density greater than that of either compressed or liquefied hydrogen. 1 However, conventional metal hydrides are greatly limited by their low gravimetric density or high operating temperature. 2, 3 Considerable recent efforts have been directed at developing light-metal complex hydrides (alanate, amide, or borohydride) and their hybrid systems as potential H-storage media. [4] [5] [6] In 2002, Chen et al. 7 reported the reversible storage of over 10 wt% hydrogen by Li 3 N. The reversible hydrogenation/dehydrogenation of Li 3 N proceeds via a twostep process involving the reactions as follows:
Li 2 NH þ H 2 ⇆ LiNH 2 þ LiH 6:5 wt% :
This revolutionary discovery immediately attracted worldwide interest in Li-N-H and related metal-N-H systems. 6 Among them, Li-Mg-N-H system receives the most extensive attention due to its combined advantages of favorable thermodynamics, good reversibility, and moderate hydrogen capacity. [8] [9] [10] [11] [12] [13] [14] [15] Starting from a 2LiNH 2 + MgH 2 mixture, the reversible de-/rehydrogenation reactions can be described by following reactions 8, 9, 12, 13 :
Compared with the Li-N-H system (e.g., DH = À66 kJ/ mol H 2 for reaction 2), Li-Mg-N-H possesses a much lower dehydrogenation reaction enthalpy, just around 44 kJ/mol H 2 . [16] [17] [18] Thermodynamically, it predicts a dissociation pressure of 0.1 MPa at $90 C. 17 However, two barriers still remain for the potential application of this system. 19 On the one hand, the dehydrogenation reaction is kinetically limited. For example, even at an operating temperature of 200 C, the practical capacity is typically lower than 4.2 wt%, far below the theoretical value of 5.5 wt%. 9, 13, 20, 21 On the other hand, elimination of ammonia byproduct is a great challenge for most metal-N-H systems, which not only imperils the polymer electrolyte membrane fuel cells but also contributes to cycling capacity loss. 6, 19 In this regard, identification of effective additives to improve the hydrogen storage properties is an important approach for developing the Li-Mg-N-H system as practical hydrogen storage medium. 19 More recently, intensive efforts have focused on exploring compounds as additives to improve the reversible dehydrogenation performance. [20] [21] [22] [23] [24] It is noteworthy that addition of LiBH 4 leads not only to enhanced low-temperature kinetics but also suppressed ammonia release. This favorable modification was primarily attributed to the formation of solid solution Li 4 BN 3 H 10 and the product seeding of Li 2 Mg(NH) 2 . 23, 24 Fundamentally, this finding emphasizes the understanding of reaction pathway in facilitating the exploration of effective additives for the Li-Mg-N-H system.
In the present study, we demonstrate that Li 3 N additive is effective for improving the reversible dehydrogenation performance of the Li-Mg-N-H system. X-ray diffraction (XRD) examination indicates that Li 3 N is converted into stable LiNH 2 and LiH phases during hydrogen cycling. Combined structure/property investigations suggest that LiNH 2 "seeding" enhances the practical hydrogen capacity, whereas the excess LiH mitigates the ammonia release. We herein report these experimental findings.
II. EXPERIMENTAL
The starting material LiNH 2 (95%) and Li 3 N (99.4%) were purchased from Sigma-Aldrich Corporation (USA) and used as received. MgH 2 was prepared by milling Mg powder (>99.9%) under 1 MPa hydrogen, followed by hydrogenation at 400 C under 8 MPa hydrogen. This process was repeated three times to achieve a hydrogenation ratio of $95%, as determined by volumetric measurements. The Li-Mg-N-H [Mg(NH 2 ) 2 + 2LiH] sample was prepared by hydrogenating a milled 2LiNH 2 /MgH 2 mixture at 200 C under 5 MPa hydrogen pressure.
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The Li-Mg-N-H samples containing Li 3 N additive were prepared by milling the 2LiNH 2 /MgH 2 mixture with varying amounts of Li 3 N, followed by hydrogenation at 200 C under 5 MPa hydrogen pressure. To minimize the sample sintering resulting from the significant exothermic effect upon hydrogenating Li 3 N additive, we adopted a two-step process to start the hydrogenation of the Li-Mg-N-H samples containing Li 3 N additive: hydrogen was first loaded into the sample cell under room temperature; then, the sample cell was heated to 200 C at a ramping rate of 2 C/min using a temperature-programmed heating unit. The mechanical milling was performed using a Fritsch P7 planetary mill (Idar-Oberstein, Germany) at 300 rpm for 5 h under Ar atmosphere. The sample weighing was performed using an electronic balance with a precision of 0.1 mg. All of the sample handling was performed in an Ar-filled glove-box equipped with a circulative purification system, in which the typical H 2 O/O 2 levels were below 0.1 ppm.
The hydrogen storage properties of the sample, with a typical amount of approximately 200 mg, were measured using a custom-made sievert-type apparatus. Isothermal desorption kinetics was measured at desired temperatures under an initial hydrogen pressure of 0.1 MPa, with a typical ending pressure of $0.14 MPa.
The measurement was started from the moment of pushing the reactor into the furnace held at desired temperatures, which resulted in a 30-min delay before reaching equilibrium. Given that no significant dehydrogenation was observed during this stage, only the isothermal curve was presented for clarity. For the as-prepared Mg(NH 2 ) 2 + 2LiH sample, an activation process was required, which diminished upon cycling. To allow for a reliable evaluation of the dehydrogenation property, we selected the desorption curves starting from the 2nd cycle for comparison. The hydrogen supply (initial purity: 99.999%) was further purified using a hydrogen storage alloy system to minimize H 2 O/O 2 contamination. Other than specified, we calculated the H-capacity using the weight of the sample containing additives to allow for an evaluation of the practical hydrogen storage property.
Hydrogen (m/e = 2) and ammonia (m/e = 17, 16, 15) release of the samples was monitored using mass spectroscopy (MS; Netzsch QMS 403C, Selb, Germany) attached to a synchronous thermal analysis (TG/DSC; Netzsch STA 449C). Approximately 20 mg of sample powder was loaded into a custom-made sample pan in the Ar-filled glovebox. Special caution was taken to minimize the H 2 O/O 2 contamination during subsequent sample transfer from the glove-box into the chamber. Sample measurements were performed under Ar flow (purity: 99.999%) at a ramping rate of 5 C/min. The flow rate of Ar was maintained at 30 mL/min in the entire holding and heating processes.
The samples were characterized using XRD (Rigaku D/MAX-2500, Tokyo, Japan; Cu Ka radiation) and Fourier transform infrared spectrometer (FTIR; Bruker TEN-SOR 27, MCT detector, Karlsruhe, Germany) equipped with an in situ cell. FTIR spectra were collected in the diffuse reflectance infrared Fourier transform (DRIFT) mode at a resolution of 4 cm À1 . The FTIR examinations were performed after the Li-Mg-N-H [Mg(NH 2 ) 2 +2LiH] samples were dehydrogenated to different stages at 200 C and 0.1 MPa. The sample loading into the in situ cell was performed in the Ar-filled glove-box. Figure 1 compares the hydrogen desorption kinetics of the additive-free Li-Mg-N-H sample and those with varying amounts of Li 3 N additive (5, 10, 20, and 30 mol%). Overall, Li 3 N additive is effective for improving the hydrogen desorption capacity. In the present study, the amounts of hydrogen desorbed at 200 C over 120 min are used to compare the practical capacity, after which only a slight increase in capacity is observed for all samples. For example, the additive-free sample only desorbs $3.9 wt% hydrogen at 200 C. Upon adding 5 mol% Li 3 N, the practical capacity increases to near 4.4 wt%. With increasing additive amount, the capacity further increases and reaches the maximum value (approximately 4.7 wt% H 2 ) at 10 mol% Li 3 N addition. However, addition of Li 3 N above this amount results in a progressively reduced capacity to less than 4.2 wt%. It is noteworthy that for the 10 mol% Li 3 N sample, $20% increment in capacity is achieved relative to the additive-free sample. This improvement is significant because it drives the dehydrogenation toward completion (which is close to the theoretical capacity of 4.9 wt% hydrogen while we consider the impurities and Li 3 N additive). Thus, 10 mol% Li 3 N is deemed the optimal adding amount and is selected for further investigation.
III. RESULTS
The property enhancement obtained in the sample with 10 mol% Li 3 N additive is well preserved even at lowered temperatures. As shown in Fig. 2 , the additivefree sample desorbs 3.6 wt% hydrogen over 300 min at 180 C. For the 10 mol% Li 3 N-added sample, near 4.1 wt% hydrogen is released over the same time interval. At 160 C, the additive-free sample desorbs only 1 wt% hydrogen over 300 min, whereas the Li 3 N-added sample releases 1.2 wt% hydrogen, showing a 20% increment in capacity. Further investigation indicates that the enhancement arising upon adding Li 3 N is highly stable during the de-/rehydrogenation cycling. As shown in Fig. 3 , the dehydrogenation curves of the 10 mol% Li 3 N sample at the 2nd and the 10th cycles are nearly identical at both 200 and 180 C. increases successively with increasing Li 3 N addition. Likewise, increased LiH amount is evidenced by the intensity increase of its characteristic peaks at 2y = 38.2 and 44. 4 . Because no Li 3 N or other newly formed phases are detected, these results suggest that the hydrogenation treatment leads to the conversion of Li 3 N into LiNH 2 and LiH following Eqs. (1) and (2) . Upon dehydrogenation, the diffraction peaks of host Mg(NH 2 ) 2 disappear and the dehydrogenated product Li 2 Mg(NH) 2 can be identified for all the samples, as shown in Fig. 5 . The LiNH 2 and LiH phases generated from the hydrogenation of Li 3 N remain stable in the dehydrogenation process, as indicated by the corresponding characteristic peaks. This is understandable from the thermodynamic limit of LiNH 2 /LiH system. 
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In the present study, dehydrogenation was carried out at 200 C under a hydrogen pressure of 0.1$0.14 MPa. This pressure is higher than the dissociation pressure of LiNH 2 /LiH system at 200 C and thus restrains its dehydrogenation reaction. 7 
IV. DISCUSSION
It is clear that Li 3 N addition is effective in improving the practical capacity of Li-Mg-N-H system.
The combined structure/property investigations suggest a correlation between the in situ-formed LiNH 2 /LiH phases and the capacity variation. Considering the related reactions involved in the present system, three possibilities may be responsible for the observed capacity enhancement: the combined involvement of LiNH 2 / LiH into dehydrogenation reaction, the separate contribution from LiH, or LiNH 2 .
We first evaluate the combined effect of (LiNH 2 + LiH). For the Li-Mg-N-H system, the dehydrogenated product Li 2 Mg(NH) 2 is characterized by considerable structural flexibility, suggesting that off-stoichiometric imides [e.g., Li 2 + 2x Mg 1-x (NH) 2 , x = 0$1] might be formed via Li + substitution. 12 For example, dehydrogenation of host Mg(NH 2 ) 2 /LiH with excess (LiNH 2 + LiH) may yield such imides, as shown in Table I . However, due to the close structural similarity of LiNH 2 to Li 2 Mg(NH) 2 , 12 it is difficult to obtain the accurate lattice parameters of Li 2 Mg(NH) 2 to directly clarify this point for the Li 3 N-added Li-Mg-N-H samples. In this regard, the relationship between the desorption property and the amount of excess LiNH 2 /LiH additives provides a valuable hint. Following the proposed formulas in Table I , a linear increase in H-capacity can be expected with increasing Li + substitution [or (LiNH 2 + LiH) addition]. However, the observed capacity dependence on Li 3 N addition actually demonstrates an optimal additive amount (10 mol% Li 3 N), addition above which results in a progressively reduced capacity. This result is contrary to the involvement of (LiNH 2 + LiH) into the Li 2 Mg (NH) 2 structure, suggesting that the capacity enhancement should not be attributed to the Li + substitution. We also note that relative to the Mg(NH 2 ) 2 + 2LiH composition, incorporating excess LiH results in increased H-capacity by varying the dehydrogenation pathway and product. 6, 10, 11, 25 For example, increasing the LiH/Mg(NH 2 ) 2 ratio from 2:1 to 2.67:1 proceeds the dehydrogenation reaction to the Mg 3 N 2 /Li 2 NH stage under He flow, which improves the desorption capacity to 6.9 wt%. 10 However, the 0.1 MPa hydrogen pressure applied here restrains further dehydrogenation reactions, 25 which agrees well with the XRD results (see Fig. 5 ). Therefore, the capacity enhancement should not be ascribed to the contribution from excess LiH.
It is clear that the above results suggest that the in situ-formed LiNH 2 should be closely related to the capacity enhancement. In this regard, careful examination of the dehydrogenation reaction by using FTIR provides a valuable hint. Here, we select the hydrogenated Li-Mg-N-H matrix [i.e., Mg(NH 2 ) 2 + 2LiH] and examine the evolution of FTIR spectra at selected points of the dehydrogenation process. As shown in Fig. 6 , with proceeding the dehydrogenation reaction, the FTIR spectra are characterized by the emergence and increase of Li 2 Mg (NH) 2 and the simultaneous decrease of Mg(NH 2 ) 2 . This effect is consistent with the continuous conversion of reactant [Mg(NH 2 ) 2 + 2LiH] into product Li 2 Mg (NH) 2 upon dehydrogenation. Of particular interest, LiNH 2 was observed through the dehydrogenation process, which shows an initial intensity increase followed by intensity decrease. The structural similarity of LiNH 2 to Li 2 Mg(NH) 2 suggests that the identified LiNH 2 should act as an important reaction intermediate. Similar speculation was also proposed by Hu et al. 26 The proposed LiNH 2 mediation (that is, LiNH 2 formation is an elementary reaction step) suggests that incorporating foreign LiNH 2 may enhance the inherent reaction. To verify the favorable effect of LiNH 2 , we prepared and examined the Li-Mg-N-H samples containing respective LiNH 2 and Li 3 N additive with regard to dehydrogenation performance. As shown in Fig. 7 , it is obvious that the two samples exhibit similar desorption behavior. This result further supports the fact that LiNH 2 should be responsible for the capacity enhancement obtained by Li 3 N addition. In fact, mass spectroscopy analysis indicates that the advantage of Li 3 N addition lies not only in enhanced hydrogen capacity but also in suppressed ammonia release. As shown in Fig. 8 , we compare the ammonia release from the samples with LiNH 2 and Li 3 N additive using MS. In terms of the relative amount of ammonia released, less ammonia is observed for the sample with Li 3 N additive. According to previous results, the improved hydrogen purity should be primarily attributed to the presence of excess LiH, which was incorporated by Li 3 N to serve as an effective ammonia trapping agent. 27, 28 It has been clarified that the kinetic barriers in the LiMg-N-H system can be ascribed to the following: (i) the interface reaction of reactants and (ii) mass transport through the product layer.
14 Li 2 Mg(NH) 2 seeding has been reported to be effective for lowering the kinetic barrier associated with the product nucleation by incorporating foreign Li 2 Mg(NH) 2 seed. 21, 23 In this work, the in situ-incorporated LiNH 2 may serve as well dispersed nuclei sites for the growth of intermediate LiNH 2 . As a result of the lowered kinetic barrier associated with the intermediate nucleation, the LiNH 2 seeding drives the dehydrogenation toward completion. Following this mechanistic understanding, the effect of Li 3 N additive on the property enhancement of present system is understandable. This mechanism agrees well with the capacity dependence on the Li 3 N addition. On the one hand, the majority of the sample is effectively activated by the seeding effect of incorporated LiNH 2 . On the other hand, the stable LiNH 2 composition inherently lowers the theoretical capacity of Li-Mg-N-H matrix. The combination of the two inverse effects is that adding LiNH 2 first improves the practical capacity, but further addition counteracts its capacity contribution. In addition, the stable enhancement upon cycling can be understood from the stability of LiNH 2 composition in the de-/ hydrogenation reactions.
V. CONCLUSIONS
Our screening study demonstrates that Li 3 N additive is effective in enhancing the practical H-capacity of LiMg-N-H system. Optimally, incorporation of 10 mol% Li 3 N additive improves the capacity from 3.9 wt% to approximately 4.7 wt%, leading to a 20% increment. Moreover, the capacity enhancement is highly stable during hydrogen cycling. XRD examinations indicate that Li 3 N additive transforms into LiNH 2 and LiH phases and remains in the de-/rehydrogenation cycles. Combined structure/property investigations suggest that the in situ-formed LiNH 2 should be responsible for the capacity enhancement. It is presumed that the incorporated LiNH 2 acts as stable nuclei sites for promoting the growth of intermediate LiNH 2 . In addition, MS analysis of the effluent gas reveals that the concurrent incorporation of LiH is effective for reducing the ammonia byproduct. Our finding yields interesting clues to the reaction pathway of the Li-Mg-N-H system and emphasizes the guidance of mechanistic understanding in selecting appropriate additives.
